A Monte Carlo-based simulation of the transport of a series of monoenergetic neutron sources through first a rectangular block of 0.93 g cm 23 density polyethylene and secondly through a sphere made of the same substance is presented here. In both instances, the neutron fields are monitored at closely spread intervals through the moderator mass, producing a lot of data in the process. To reduce the amount of data presented, a figure of merit is created by estimating the cross section for each discrete neutron energy and by applying this to the number of neutrons present of each energy giving an arbitrary response figure. This work was undertaken in order to aid the design and development of a novel neutron spectrometer.
INTRODUCTION
Whereas electrically charged particles such as alpha and beta particles are relatively easy to detect and characterise, monitoring of neutral particles such as gamma radiation and neutrons relies on secondary reactions. There are several such reactions which can be used to enable the detection of neutrons in this way, such as when a neutron interacts with a 10 B particle producing a 7 Li particle plus a detectable charged alpha particle. However, there are two significant problems with this technique. First, the cross section of these reactions rapidly decreases as the energy of the neutron particle increases, typically varying as E 20. 5 . Secondly, the energy information of the incident neutron is lost in the reaction with the alpha particle energy independent of the incident neutron energy. One common method for characterising the energies of neutron fields is with the use of Bonner spheres (1) whereby thermally sensitive neutron sensors are coated with varying thicknesses of polyethylene which acts as a moderator, slowing the neutrons as they travel through the mass.
The smaller spheres with less moderating material are thus employed to detect neutrons of lower energies as higher energy neutrons will simply pass through the thermal neutron sensor as they will not have experienced enough moderation to slow them down to the low energies required for successful detection. Larger spheres are designed to capture higher energy neutrons as more of the moderator is traversed before the detector is reached. Bonner sphere sets are still extensively used today and remain one of the most popular methods for characterising neutron fields. (2 -4) The major problem with these sets is the simple bulk: moderating materials typically have a density somewhat close to water, thus a sphere of polyethylene with a radius of 20 cm will have a mass of nearly 34 kg. Using such a set in the field (e.g. within an aircraft), the volume and mass becomes a significant issue.
The authors intend to design and develop a novel neutron spectrometer, utilising three neutron sensitive layers within the same spherical structure constructed with 0.93 g cm 23 density polyethylene. In order to determine the optimum radii of the neutron sensitive layers, a theoretical study of the transport of neutrons through polyethylene is required. A Monte Carlo-based study of various monoenergetic neutron sources as they travel through a volume of moderator, first, in the shape of a rectangular block, and then a sphere of radius 10 cm is presented here. The rectangular block has been used in order to determine the energy attenuation through a volume of the moderator, with a spherical model chosen in the second part of the simulation, as this corresponds to the anticipated dimensions of the spectrometer. It is expected that the instrument will consist of several mono-radial layers within the polyethylene mass, coated with a material optimised to detect thermal neutrons. Thus, it is advantageous to have a Monte Carlo model which can predict the behaviour of neutrons incoming on the structure, and the way in which they are moderated. Throughout, the course of this work, Monte Carlo code MCNPX version 2.5F (5) is used.
RECTANGULAR MODERATOR
In the first part of the study, a rectangular polyethylene slab of density 0.93 with a length of 50 cm, and depth and width of 20 cm was modelled in the MCNPX environment. were sent through this volume, while the neutron field was monitored at intervals of 1 cm through the object from a depth of 1-38 cm as depicted in Figure 1 . Twenty-four incident monoenergetic neutron fluxes were monitored at 38 locations within the volume equating to a total of 912 sets of data. Shown in Figure 2 are the neutron fields present at different depths through the polyethylene volume using a source of 1 MeV. The units used on the yaxis of the figure are recorded particles per million incident to the structure.
It is considered that this is the easiest way to describe the data illustrated here. If a million 1-MeV neutrons are incident on the front end of the spectrometer, 460 1-MeV neutrons are predicted to be observed at a position 1/2 cm through the structure. The vast majority of the recorded neutrons have energies of either 1 MeV (i.e. unmoderated) or 0.1 eV (i.e. those which have been moderated to thermal levels). The other monoenergetic neutron sources produced similar results with peaks at the original energy and at thermal levels.
SPHERICAL MODERATOR
In this second part of the study, a spherical polyethylene moderator was modelled in order to determine the effects of the moderator at various depths within the mass. A sphere of polyethylene of density 0.93 with an overall radius of 10 cm was modelled with its centre placed 15 cm from a neutron source, transporting monoenergetic neutrons as in the previous section. The corresponding neutron fields are modelled across spherical layers through the moderating volume. The y-axis units are the same as in Figure 2 . Shown in Figure 3 are selected responses over the radii between 5 mm (0.5R) and 95 mm (9.5R) near the surface of the sphere (i.e. having experienced limited moderation) when a monoenergetic source of 1 MeV is used. The output is similar to the corresponding experiment in the previous section with the peaks at 1 MeV and 0.1 eV.
FIGURE OF MERIT
The large amount of data produced in both simulations facilitates the need for a figure of merit. The cross section of reactions between neutrons and materials used to detect their presence tends to vary as E 20. 5 (http://www.kayelaby.npl.co.uk/atomic_ and_nuclear_physics/4_7/4_7_2.html.) (6) . Lower energy neutrons arriving at a detection layer will have a greater probability of interaction than higher energy particles by this factor. Therefore, if one was to multiply the number of incident neutrons of a particular energy at a detector by this E 20.5 weighting factor, one could achieve a detection probability figure of merit. If this principle was extended to the entire range of energies present at a point, an overall figure of merit could be achieved, albeit with arbitrary units. Two purely theoretical examples are shown in Tables 1 and 2 . In example 1 above, neutrons with energy of 1Â10
26
MeV have a likelihood of 0.0112 of arriving at the detector (i.e. for every particle released at source, there is a 1.12 % chance of particles with this energy reaching the detector). The weighting factor (W ) is determined by raising the energy in question by the power of 20.5, used because this is the typical way the neutron cross section varies with energy. Multiplying these factors together gives a figure of merit for this energy. If this process was applied for each discrete energy and the corresponding response figure, this would yield a set of figures of merit, which when summed would produce an overall figure of merit (OFOM) related to the probability that the neutron field incident at the detector would be recorded by a typical detection material ( 10 B, 6 Li, etc.). The two examples above illustrate this point with the field shown in example 1 exhibiting a lower overall particle flux than in example 2, yet revealing a higher OFOM due to the presence of more thermal particles. The figure of merit is simply the summation of the figures for each band of energy. If this principle is applied to the results achieved for the rectangular moderator, the Overall Figure of Merit (OFOM) varies between layers for differing incident neutron energies as shown in Figure 5 . Similarly, Figure 6 illustrates the same information for the theoretical spherical detector, with the OFOM data produced for every detection layer and each incident neutron energy.
DISCUSSION
In this study, two theoretical situations have been described, monitoring the neutron flux through two objects constructed of moderating material of density 0.93 when monoenergetic sources are utilised. A figure of merit predicting the response of a layer has been utilised in order to reduce the amount of information presented.
The first part of the study involved using a theoretical series of monoenergetic neutron sources to transport radiative neutron flux through a rectangular block of polyethylene, recording the resultant neutron field every cm through the mass. Selected results are shown in Figures 2 and 4 , indicating several trends. Figure 2 indicates that the number of 1-MeV neutrons decreases as the field travels through the mass of material, whereas the thermal neutron flux increases as greater depths are monitored within the mass until a peak is reached at 4 cm, indicating that an incoming beam consisting of purely 1-MeV neutrons will be most likely to be successfully detected at a depth of 4 cm. This is only true for the case where 1-MeV neutrons are incident on the structure; a different depth response would be expected if neutrons of a different energy band were used. The total data collected in this part of the work was reduced utilising the Overall Figure of Merit as described above and presented in Figure 5 . Lower energy neutrons are shown to be collected more effectively when they have travelled through a smaller mass of moderator. As the energy of the incident neutrons increases, this effect is diminished with the 3 MeV situation, for example, showing a relatively flat response (i.e. there is a similar probability that a thermally sensitive neutron sensor will record an event at a depth of 2 cm as there is at a depth of 12 cm). As the incident energy is increased further, the figure of merit figure dramatically falls off as the number of neutrons lost in transport increases. The second part of the work involved treating a polyethylene spherical moderator in the same way, sending a series of monoenergetic neutrons through the mass while monitoring monoenergetic neutrons through a series of closely spaced mono-radial surfaces throughout the sphere. Figure 3 shows the neutron fields predicted at various radii within the spherical structure when a monoenergetic 1-MeV neutron source is used. The legend denotation indicates the radius of each of the layers, i.e. 'r3' indicates a layer at a radius of 3 cm, whereas 'r9.5' indicates a layer at a radius of 9.5 cm, i.e. very close to the surface of the structure. The figure indicates that the layers closest to the surface of the structure will exhibit a field consisting of fairly high levels of 1-MeV neutron flux with smaller levels of thermal flux, whereas layers deeper in the sphere exhibit a more thermalised field. Using the Figure of Merit described above, the huge amount of data was reduced and displayed in Figure 6 . The lowest energy neutrons exhibit a greater chance of collection when only a small amount of moderator has been traversed. Conversely, the higher energy particles show a larger figure of merit when a greater volume of moderator has been encountered.
There are several problems with the simulation model used to make these calculations.
(1) The model does not take into account the fact that the neutrons collected by the outer layers cannot be collected by the inner layers as they have already been involved in a reaction, but this is only a very slight effect. (2) In the spherical case, the layer closest to the neutron source will produce the highest overall flux whereas the other side of the layer will be the furthest away from the source and so would be expected to show the lowest overall flux. Thus a cancelling effect will occur.
(3) Very low and very high energy neutrons are not treated well by MCNPX due to uncertainties in cross sections at these extremities (7) . Therefore, calculations made with these extreme particles are likely to be subject to significant errors.
CONCLUSIONS
The original aim of this work was to aid in the design of a three-layer neutron spectrometer, utilising thermally sensitive monoradial layers within a spherical structure of moderating polyethylene. The following conclusions can be drawn from Figures 5 and 6 .
From Figure 5 : for the energy range up to 10 eV, it is clear that the neutrons are rapidly lost as they traverse the moderating volume. Furthermore, very high energy neutrons exhibit a low response in this configuration, peaking at around a depth of 6 cm.
From Figure 6 : when monoenergetic neutrons between the energies of 3 and 10 keV are utilised, a high probable detector response is observed at a radius of 8 cm (i.e. a depth of 2 cm). Similarly, a large responsiveness is observed at a radius of around 5 cm when incident neutrons of between 30 keV and 3 MeV are used. For higher incident energies than this, the response severely drops off and even the responses deep within the structure are very low. 
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